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(g) Ultrasonic bolting control apparatus. 

(§) Apparatus (10) for measuring and controlling 
the tensile load on a fastener (F). The fastener is 
positioned to connect together two or more 
components (X) of a workpiece. A drive unit (12) 
couples to the ^stener to thread it into place. 
The fastener exerts a clamping force on the 
components to connect them together. The 
clamping force created by the fastener pro- 
duces an equal and opposite tensile force on 
the fastener. A controller (16) starts and stops 
operation of the drive unit The controller con- 
trols the drive unit to thread the fastener into 
place until it exerts a predetenmined amount of 
clamping force on the components. A test unit 
(18) generates ultrasonic waves and transmits 
them lengthwise through the fastener. The tran- 
sit time of the waves through the fastener is 
then measured. The transit time of the waves is 
a function of the tensile force on the fastener 
and, In turn, a function of the damping force 
exerted by the fastener. 
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Background of the Invention 

This invention relates to fastening systems and. 
more particularly, to apparatus for ultrasonically 
measuring the tensile load in a threaded fastener 5 
such as a bolt 

There are a wide variety of fasteners used in wide 
range of applications. Regardles of the application, 
however, all involve the use of a fastener to produce 
a clamping force on two or more components to con- io 
nect them together. A primary factor in the perfor- 
mance of the connection is whether or not a correct 
amount of clamping force is used. Too little damping 
force results, for example. In slippage or leakage. Too 
much force causes the connection to ultimately fail. is 

The accuracy with which a clamping force is ap- 
plied does depend greatly upon the particular appli- 
cation. If wooden structural members are to be bolted 
together, for example, an adequate connection is 
usually achieved simply by applying enough clamping 20 
force to imbed the head of a bolt, or its associated 
washer, in the surface of the wood. On the other 
hand, where sections of an airframe are bolted to- 
gether, precise damping forces must be applied to re- 
sult in a proper connection. As a practical matter, the 25 
Importance of accurate tightening control is a direct 
function of the complexity and performance criteria of 
the fastener application. 

The continued development of lighter, nx»re effi- 
cient structures and machines, has mandated better 30 
methods of controlling fastener loading. Without dis- 
cussing the various methods currently in use. suffice 
it to say that each relies, in one form or another, on 
the measurennent of physical phenomena which is re- 
lated, in some manner, to a clamping force generated 3S 
by the tightening of a fastener. Where only one or two 
connections must be monitored, these various meth- 
ods are adequate. If. however, there is a large number 
of connections, and the clamping force of each must 
be controlled, the relationship between the measured 
effect of an applied damping force becomes less pre- 
dictable. If the method of measurement involves ap- 
plied torque, this unpredictability increases. 

Basically, in fastening systems, torque is that ef- 
fort required to turn a nut against the indined plane 
of the threaded portion of a bolt. While, theoretically, 
it should be possible to use torque as a measure of 
fastening force, tests have shown that frictlonal forces 
absorb the majority of the tightening forces produced. 
Consequently, torque turns out to be an unreliable 
measure, especially when factors such as the mate- 
rial fnDm which the fastener Is made, thread fit, and 
lubrication must be taken Into account 

Summary of the Invention 

Among the several objects of the present inven- 
tion may be noted the provision of bolting control ap- 



paratus; the provision of such apparatus for quickly, 
efficiently, and accurately measuring the forces 
exerted on a fastener and for determining if these for- 
ces fall within an acceptable range offerees; the pro- 
vision of such apparatus' using ultrasonic measure- 
ments rather than a measurement strategy based on 
applied torque to accurately determine the fastening 
force; the provision of such apparatus which is more 
accurate and reliable than torque based control sys- 
tems; the provision of such apparatus which is incor- 
porated into a fastening too! for controlling tightening, 
or into a multi-station control system for assembly line 
operations; the provision of such apparatus which is 
automated so to provide the user with fast and accu- 
rate measurements, thereby to effect proper control 
over the operation; the provision of such apparatus 
capable of measuring fastener load at sufficient 
speed to provide real-time control of a fastener tight- 
ening process; the provision of such apparatus which 
is readily programmable to accommodate different 
type fasteners with different structural characteris- 
tics, as well as differences in the materials being fas- 
tened, the amount of force to be applied, etc.; and, the 
provision of such apparatus to cost approximately the 
same as current torque based control systems. 

In accordance with the invention, generally stat- 
ed, apparatus Is provided for measuring and control- 
ling the tensile load on a fastener. The fastener is 
positioned to connect together two or more compo- 
nents. A drive couples to the fastener to thread the 
fastener into place. The fastener exerts a clamping 
force on the components to connect them together, 
and this damping force produces an equal and oppo- 
site tensile force on the fastener. A controller starts 
and stops operation of the drive unit The controller 
controls threading of the fastener by the drive unit so 
the fastener exerts a predetermined amount of 
damping force on the components. A test unit gener- 
ates ultrasonic waves and transmits them lengthwise 
through the fastener. The transit time of the waves is 
measured. The time is a function of the tensile force 
on the fastener and, in turn, a function of the clamping 
force exerted by the fastener. A met hod of measuring 
and controlling tensile load on a fastener is also dis- 
dosed. Other objects and features will be in part ap- 
parent and in part pointed out hereinafter. 

Brief Description of the Drawings 

Fig. 1 is a block diagram of ultrasonic bolting con- 
trol apparatus of the present invention; 
Fig. 2 is an eievational view, partly in section, of 
a couplant for threading a fastener into place and 
housing an ultrasonic transducer of the appara- 
tus by which clamping force measurements are 
performed; 

Fig. 3 is a schematic block diagram of a pulser 
and receiver portion of the electronics for produc- 



es 



50 



BNSDOCIO: <EP p64147eA2J_> 



3 



EP0 541 476 A2 



4 



Ing ultrasonic waves and a length of fastener sig- 
nal; 

Fig. 4 is a schematic block diagrann for a fast 
stress mike of the apparatus; and, 
Fig. 5 is a timing diagram for the electronic por- s 
tbnof the apparatus. 

Corresponding reference characters Indicate 
corresponding parts throughout the drawings. 

Description of a Preferred Embodiment io 

Referring to the drawings, apparatus of the pres- 
ent invention for measuring and controlling the tensile 
load on a fastener F is indicated generally 10 in Fig. 
1. The apparatus is designed to operate as a stand is 
alone system which is usable with a wkJe range of au- 
tomatic bolting or fastening machines. Or, the appa- 
ratus can be incorporated in such equipment, or Into 
multi-station assembly line control stattons. Regard- 
less, apparatus 1 0 functions to measure the clamping 20 
force exerted by a fastener on two or more compo- 
nents X1, X2. for example. As shown In Fig. 1A, com- 
ponents X1, X2, which are to be clamped together, 
have respective openings 01, 02. Opening 02 is a 
threaded opening. The fastener is threaded into 25 
these openings, and as it is tightened therein, exerts 
an increasing clamping force on the components. As 
the clamping force Increases, the fastener is subject- 
ed to an equal but opposite tensile load. The fastener 
stretches or elongates In direct proportion to this ten- 30 
sile load. 

In certain applications, it is necessary that the 
amount of clamping force exerted by fastener F be 
precisely controlled. Heretofore, the clamping force 
has been measured as a function of applied torque on 3S 
the fastener. It is an importantfeature of apparatus 10 
that rather than using a torque measuring technique, 
an ultrasonic wave testing methodology is used. This 
avoids the various problems associated with torque 
measuring techniques and provides highly accurate 40 
test results. In addition, the apparatus and test meth- 
od allow for volume manufacturing since, as noted 
above, apparatus 10 can be Incorporated into bolting 
and fastening machines. 

In operation, a fastener F is mounted In a rotat- 4S 
able couplant 12. which, in turn, is adapted for con- 
nection to a spindie motor 14. The spindle motor Is 
driven by a control means 1 6 which operates motor 14 
to drive or thread the fastener into the components. 
As will be described hereinafter, a test means 1 8 gen- so 
erates ultrasonte waves which are transmitted length- 
wise through the fastener. Means 18 measures the 
transit time of the waves through the fastener, it being 
understood that the transit time of the waves Is a 
function of the tensOe force on the fastener As dis- 55 
cussed above, this load is a function of the clamping 
force exerted by the fastener on the components. A 
computer 20 is usable to pnagram the operation of the 



apparatus. The computer is a personal computer of 
the type commonly referred to as a PC, and manufac- 
tured by IBM Corporation of Armonk, New York. 

Since, for example, ultrasonic waves propogate 
at different velocities through different materials, the 
test means can store a schedule of these materials. 
Prior to the start of an assembly operation, the user 
can readily designate the material from which a fas- 
tener is constructed and the test apparatus wBi auto- 
matically adjust for this material. Similarly, the user 
can program the test means for the tensile toad which 
represents a predetermined damping force which the 
fastener is to exert. The test means monitors the 
amount of torque to which the fastener Is subjected. 
While torque is not a measured paranrieter for purpos- 
es of determining when the fastener is sufficiently 
tight. It is used to determine whet her or not a fastener 
has failed during a threading operation. Thus, if the 
torque value suddenly falls to zero, it indicates the 
fastener has failed and that the threading operation 
should be stopped so the fastener can be replaced 
with a new one. 

In addltton. computer 20 can store the results of 
the tests performed during a production sequence. 
Afterwards, this test data can be evaluated by the 
computer to provide different types of graphs, statist- 
ical data presentations, or other outputs which are 
useful for quality control purposes, materials evalua- 
tion, etc. Thus, for example, it may be important to 
know the range of fastener eiongatbn during a pro- 
duction run. Since fastener elongation is proportbnal 
to the clamping force exerted by the fastener, and 
since the clamping force (or torque, If the user wishes 
a torque related measurement) will usually include a 
range of acceptable values (i.e., a.OO +/. O.b ft-lbs.). 
The capability to reproduce test data which indicates 
the results of a bolting operation in a variety of ways 
will be beneficial to the user. The computer can also 
store data to a disk for archival purpose. 

Referring now to Figs. 2, couplant 12 has a lower 
fastener drive portion 22 and an upper slip ring por- 
tion 24. The upper portion attaches to motor 14; while 
a fastener F attaches to the lower portion. As seen in 
Fig. 2, couplant portion 24 includes an impact socket 
26 comprising a hollow sleeve. The upper end of the 
sleeve interf its with an adaptor socket 28 which inter- 
fits with a drive head 29 of motor 14. Socket 26 has 
a concentric bore 30 in which the lower end of socket 
28 Is received. An annular race 27B Is formed in the 
outer face of socket 28 where it and socket 26 interf it. 
A ball bearing assembly 27B fits In the race. The up- 
per end of socket 26 fits Into a receptacle 31 defined 
by the socket 28 and a slip ring assembly 32 to be de- 
scribed in more detail hereinafter. Socket 26 further 
has a counterbore 33 extending upwardly from the 
lower end of the socket. An opening 34 at the mouth 
of the counterbore has an appropriate contour 
(square, or hexagonal, for example) to fit over the 
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head a fastener F. Since couplant 12 is rotatable by 
motor 14, as socket 28 turns, it turns socket 26 which 
threads the fastener into the openings in the compo- 
nents being fastened together. A slide assembly 36 Is 
received In counterbore 33 for installation therein. As- 
sembly 36 includes an inner slide 38 and an outer 
slide 40. Both slides are hollow, and the inner dianrv 
eter of slide 40 corresponds to the outer diameter of 
the lower section 41 of slide 38 for slide 40 to fit over 
slide 38 and move relative thereto. The upper end of 
slide 38 has a larger outer diameter section 42 which 
is attaches onto tip end 44 of socket 28. Ttp end 44 is 
threaded and sized to fit in bore 30 of socket 26. The 
lower portion of the tip end extends into counterbore 
32. The upper end of slide 38 is matingly threaded to 
tip 44 for attaching the upper and lower portions of 
couplant 12 together. An Oring oil seal 46 is installed 
in an annular opening 47 to fit about the tip end of 
socket 28 when slide 38 is attached to tip end 44. 

Slide 38 has a concentric, longitudinally extend- 
ing bore 48 and a counterbore 50. The counterbore Is 
threaded at its outer end for attachment of the slide 
assembly to socket 28, and the countert>orB extends 
to a point intermediate the length of slide 38. Slide 40 
has a concentric longitudinally extending bore 52 and 
counterbore 54. Section 41 of slide 38 is received in 
counterbore 54 and an annular groove 56 is formed 
in the outer sidewall 58 of section 41 . Another O-ring 
seal 60 is installed in groove 56. A shoulder 62 is 
formed at the transition between bore 52 and coun- 
terbore 54 of slide 40. One end of a compression 
spring 64 seats against this shoulder and the other 
end of the spring bears against the end face 68 of 
slide 38 which is received in slide 40. 

A piezoelectric transducer 68 of test means 18 is 
cylindricaliy shaped for installation in bore 52 of slide 
40. For this purpose, the diameter of the transducer 
corresponds with that of bore 52. As shown in Fig. 2. 
while an end face 70 of slide 40 abuts against the up- 
per end of fastener F, the lower end of the transducer 
is spaced therefrom a distance d. This distance may, 
for example, be .060 in. (.015 cm.). The reason for 
this spacing is that an oil film is present between the 
transducer and the head of the fastener during use of 
the apparatus. As is described hereinafter, when 
tansducer 68 is pulsed, it generates an ultrasonic 
wave which is directed at the fastener. When the 
wave passes through the film and into the fastener, 
an echo is produced as the wave crosses the inter- 
face between the film and the fastener. This echo is 
more pronounced, and therefore more readily detect- 
able by test means 18 than if the transducer directly 
contacted the fastener. The oil filled spacing between 
the transducer and fastener helps compensate for er- 
rors due to motion of the fastener relative to the trans- 
ducer. 

A longitudinal slot 74 is formed in the upper end 
of slide 40. A dowel pin stop 76 is installed in an open- 
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ing 78 formed in sidewall 58 of slide 38. The stop ex- 
tends radially outwardly Into the slot. When posi- 
tioned as shown in Fig. 2, slide 40 is at one extrenne 
position with the dowel pin bearing against the side- 
5 wail of the slide at the upper end of the slot. With re- 
spect to adaptor socket 28, it has a concentric, long- 
itudinal bore 80 with a mouth 82 at the tip end 44 of 
the socket The socket has respective first, second, 
and third counterbores 84, 86, and 88 each of which 
10 is successively larger in diameter, these counter- 
bores extending upwardly from the tower portion of 
socket 28 as viewed in Fig. 2. A shoulder 90 is formed 
at the junction between counterbores 86 and 88. A 
plug 92 is sized to fit in bore 88. An oil seal 94 seats 
IS against shoulder 90 and is compressed against the 
shoulder by the plug. Bore 88 is, as noted, contoured 
so dnve head 29 of motor 14 interf its with the socket 
and can turn the sockets when motor 14 is running 
and thread the fastener. 
20 Slip ring assembly 32 comprises a cylindrical 
sleeve 96 which fits over adaptor socket 28. Socket 
28 has an upper section 28A, an intermediate section 
28B, and a lower section 28C. Section 28B has a 
smaller outside diameter than section 28A, and sec- 
25 tion 28C has a smaller outside diameter than section 
28B. Tip end 44 of socket 28 has a yet smaller outside 
diameter than the upper portion of socket section 
28C. The outside diameter of sleeve 96 is uniform 
along the length of the sleeve. The inside diameter of 
30 the sleeve does vary to not only accommodate the 
various changes in the outer diameter of socket 28, 
but also to allow for the installation of various compo- 
nents of the slip ring assembly. At the upper end of 
the sleeve, the inner diameter of the sleeve is greater 
35 then the inner diameter of sleeve at its middle section. 
A circumferential shoulder 98 is formed at the junc- 
tion between these two sections of the sleeve. A 
bushing 100 fits in the annular space between the 
sleeve and the upper section of socket 28, this bush- 
40 ing seating on shoulder 98. 

A slip ring 102 fits about the middle section of 
socket 28. the height of the slip ring generally corre- 
sponding to the length of section 28B of the socket 
An anti-rotation screw 104 extends radially inwardly 
45 into the slip ring, at its upper end. to adjust the pres- 
sure exerted by the slip ring on socket 28. Intermedi- 
ate the length of the slip ring are two circumferential, 
longitudinally spaced grooves, 106A. 1068 respec- 
tively. An electrically conductive ring 1 08A, 108B, re- 
50 spectively. is set into the grooves. An electrical wire 
110 is electrically attached to the bands. The wire Is 
inserted into bore 86 of socket28 through an opening 
112 extending radially inwardly from the side of the 
socket This wire extends through the longitudinal 
55 central openings in socket 28 and slides 38 and 40 to 
eiectriaily contact the upper face 114 of transducer 
68. Aplug 116 having a seal 118 on its inner end fits 
over opening to form an oO seal. The plug has a cen- 

4 
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tral bore 120 communicating with opening 112 forwire 
110 to extend through bore 120 Into the opening. 

An opening 122 Is formed In the side of sleeve 96 
radially outwardly of conductive rings 106A, 106B. A 
cap 124 fits Into this opening. The cap has a pair of 
threaded openings 126A, 126B Into which are thread- 
ed electrical terminals 128A, 128B respectively. 
These terminals comprise elongate threaded posts 
which are adjustably insertable into respective open- 
ings 126A, 126B until the Inner ends of the posts elec- 
trically contact the respective rings 1 08A. 1 08B. Elec- 
trical output lines 130A, 130B from test means 18 ter- 
minate in electrical terminals 132A, 132B respective- 
ly. These latter terminals are attached to the respec- 
tive posts by nuts 134A. 134B which thread onto the 
outer end of the respective posts. By this slip ring ar- 
rangement, electrical signals from the test means can 
be applied to the transducer as the motor threads the 
fastener into the components. 

A second opening 136 is formed in the side of 
sleeve 96 below opening 122. A concentric opening 
138 extends radially through the sidewall of socket 
28. Afluld or oil fitting 140 (see Fig. 1) Is Installed in 
these openings. Oil, for example, a standard comer- 
cially available thirty-weight oil, is introduced into the 
bore of socket 28 through this fitting. This oil Is from 
an oil supply 142, and Is delivered to couplant 12 by 
an oil pump 144 via an oil supply line 146. Operation 
of pump 144 Is via a command Input from test means 
18 over a control line 148. The oil flows down, and 
around transducer 68, filling the space between the 
bottom of the transducer and the head of fastener F. 
As previously discussed, the ultrasonic waves gener- 
ated by transducer 68 are propogated through the oil 
film to the fastener, and the oil film Is used because 
the echo produced at the oil fastener interface is suf- 
ficiently distinct that test means 1 8 can use it to start 
and stop a tensile force measurement It will further 
be recognized that the cavities within the sockets de- 
fined by their respective bores constitute a fluid re- 
servoir for holding a quantity of the oil pumped to the 
couplant 

The use of couplant 12 provides a mechanism by 
which motor 12 can thread fastener F; while at the 
same time allow the transducer required for the 
measurement testing to be conveniently positbned 
adjacent the fastener. It is an advantage of the appa- 
ratus that the couplant Is readily attached and re- 
moved from its location so, for example, the transduc- 
er can be replaced, etc. Further, It will be understood 
that both sockets 26 and 28 are readily interchange- 
able with other sockets to accommodates a variety of 
motor drives and/or types of fasteners. Similarly, it will 
be understood that when apparatus 10 is used with a 
bolting or fastening machine in an assembly line, the 
couplant can be installed for automatic insertion of a 
fastener into the couplant as part of a production se- 
quence. 



Referring to Figs. 3-5, a pulser circuit Indicated 
generally 1 50 includes an oscillator 1 51 which contin- 
uously produces a waveform supplied as an input to 
a pulser logic unit 152. The logic has a first output to 

5 a first high current driver 154A, and a second output 
to a second high current driver 154B. Each current 
driver contols operation of a power semiconductor de- 
vice 156A, 156B respectively. Each device controls a 
high voltage Input which is, for example, +300 v. and 

10 -300 V. respectively. The main bang timing originates 
in a central processing (CPU)/3-channel programma- 
ble unit 258 (see Fig. 4). Unit 258 controls opertion of 
pulses logic 152. The pulser logic unit 152 has an out- 
put MB (see Fig. 5) which is supplied to the pulser log- 

15 ic for this control purpose. When the pulser logic is 
enabled to activate the high current drivers, the puls- 
er bgic first activates one driver, and then the other. 
Further, each current driver Is only momentarily acti- 
vated by the pulser logia As a consequence, a 600 v. 

20 spike is produced at the the outputfrom the pulser cir- 
cuit This spike Is applied to piezoelectric transducer 
68 via wire 110. 

As noted earller,transducer 68 generates an ul- 
trasonic wave which is applied to the head of fastener 

25 F through the layer of oil. An echo is produced at the 
oil/fastener interface. The wave then propogates 
down the length of the fastener, and when it reaches 
the other end is reflected back toward the transducer. 
When the return wave reaches the oll/fastener inter- 
so face, another echo Is produced. Fastener F can range 
in length from approximately 0.5 inches (1.27 cm.) to 
approximately twenty feet (6.1 m.). Consequently the 
actual transit time between the head of the fastener 
to its end and back can vary greatly. However, vari- 

35 ous applications of apparatus 10 require that the 
length of the fastener be precisely measured. 

The echoes from the transmitted and return ultra- 
sonic waves are reconverted to electrical signals by 
transducer 68 and applied as inputs to a wideband 

40 annpiifierieo.Theamplifiedstgnalsarethen buffered 
at 162 and filtered by a 3MH2.8MH2 filter 164. The 
now amplified and filtered signals are routed through 
a node 166. From there, the signals are to an echo de- 
tection circuit indicated generally 168, and, in parallel. 

45 through respective feedback gain control circuits 
170A, 170B. Echo detection circuit 168 first includes 
a high speed comparator 172 functioning as a thresh- 
old comparator. The comparator distinguishes the 
amplitude of an incoming echo pulse from noise. The 

50 input signal to the comparator is also directed to one 
input of a second comparator 174; this comparator 
acting as a zero crossing detector. A switch 176 al- 
lows the user to establish whether the echo detection 
will be based upon the positive or negative portion of 

55 the first excursion of the echo signal. The selection 
made by the user is provided as a second input to 
both comparators and the detect logic 178. The out- 
put signals from the threshold comparator and zero 
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crossing detector are both provided as Inputs to a de- 
tect logic 178. The output from the detect logic, in 
turn, is used to enable a count gate 180. Gate 180 en- 
ables the counting of clock pulses for the period be- 
tween the occurrence of the first echo pulse and the 
occurrence of the second echo pulse. In operation, 
detect logic 1 78 and WIN 1/208 begins the count gate 
when the first echo pulse is received, and inhibits, or 
stops, the count gate when the second echo pulse is 
received after WIN 1 times out For purposes of fur- 
ther discussion, the period of time associated with 
the first echo signal may be considered a first window 
in time (WIN 1) and the period of time associated with 
the second echo pulse, a second window (WIN 2). 

In order to obtain as precise a length measure- 
ment as possible, it is important that the gain of wide 
band amplifier 160 be controlled as closely as possi- 
ble. This, however, is difficult to do, since the recep- 
tion of inputs from transducer 68 Is not continuous. 
Further, the two echo signals which are used to make 
the length measurement do not have the same char- 
acteristics. This can be seen in Fig. 5. As shown 
there, the second echo signal, for example, exhibits 
ringing characteristics which the first echo signal 
does not To resolve this accuracy problem, feedback 
control circuit 170A is responsive to the occurrence of 
the first echo signal to adjust amplifier 160 gain for 
each window WIN 1. The other feedback control cir- 
cuit 170B is responsive to the occurrence of the sec- 
ond echo signal to the adjust the gain of the amplifier 
during the second window WIN 2. Each feedback gain 
control circuit 170A, 170B first respectively includes 
a gated peak detector 182A, 182B. Each peak detec- 
tor is suppled a signal WIN 1 or WIN 2 respectively. 
These signals enable the respective peak detectors 
during the respective window period, but otherwise 
disable the detector. The output of the peak detectors 
is directed through a buffer amplifier 184A or 184B, 
to the inputof a switch 186A, 186B. Each switch has 
as a second input, a transfer signal. When enabled, 
the respective switch passes the feedback signal to 
one input of a respective integrator 188A, 188B. The 
integrator has a second input a reference signal rep- 
resenting the desired signal amplitude. This latter sig- 
nal is developed across a resistance network com- 
prising a potentiometer 1 90 and a resistor 1 92. The in- 
tegrators adjust the gain during the period of the re- 
spective windows WIN 1 or WIN 2. and the output of 
the Integrator is supplied through a respective inver- 
ter 1 94A, 1 948 to inputs of a gain select switch 1 96A, 
1 96B. Each gain select switch also has as a control 
input a gain signal from the error detect and gain con- 
trol logic 158. The switches each have an output to a 
common node point 198. The node Is connected to a 
gain confrd input of amplifier 160 through an offset 
buffer 200. 

In addKion to the elements above described, cir- 
cuits 168, 170Aand 170B further include WIN 1 and 
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WIN 2 circuits 202 and 204 respectively. Referring to 
Fig. 5, WIN 1 circuit 202 Includes a window delay 
module 206 to which the MB signal is an input. The 
output from module 206 is applied as an inverted in- 

5 put to a window width module 208. This modules sup- 
plies two outputs. One, a WIN 1 signal is supplied as 
an input to detect logic 178, as well as to gated peak 
detector 182A. The other output from this module is 
supplied as a second input to count gate 180. Circuit 

10 204 first includes a window width rTK)dule 210 having 
as an input a blanking signal. One output from this 
module is a WIN 2 signal which is supplied as an Input 
to gated peak detector 182B. Module 210 also sup- 
plies a control input to an AGO transfer delay module 

15 212. Module 212, in turn, supplies an output to an 
AGO transfer width module 214. An output from this 
module is the control input to both switches 1 86A and 
1868. 

Referring now to Fig. 4, a 20MHz oscillator 216 

20 produces dock signals which are supplied to a fre- 
quency multiplier 218 which, for example, has a mul- 
tiplication factor of 30. Consequently, the clock puls- 
es from the multiplier to an Input of a gated counters 
module 220 Is on the order of 360MHz. The counters 

25 220 are enabled by the output of count gate 180 as 
previously described. The counted pulses are tabulat- 
ed in a count registers nradule 222. The output of the 
count registers is routed over an Internal bus 224 
within the test means. The test means includes an 

30 EPROM 226 which is programmed to convert, after a 
count cyde (i.e., after a second echo signal), the val- 
ue contained in the count register module to a meas- 
ure of fastener length and/or the clamping force 
exerted on the components XI, X2 by the fastener. 

35 The resultant value routed over bus 224 to a display 
board 230. The display board visually displays the re- 
sult on a display panel 230 on the face of the test 
means (see Fig. 1). The count registers value may 
also t>e routed over bus 224 to an interface 232 be- 

40 tween the test means and the computer 20. As previ- 
ously discussed, computer 20 allows for the test data 
to be stored for subsequent processing and analysis. 
When the measurement Is completed, if the clamping 
force exerted by the fastener on the components 

45 equals the predetermined force, a signal is routed 
over bus 224 to an output latch 234. The latch output 
is directed to a spindle stop relay 236 to produce stop- 
page of motor 14 and threading of the fastener into 
the components. The command line 238 between the 

50 test means and the drive means 16 is shown in Fig. 
1. 

Test means 18 further indudes a microprocessor 
240 and a keyboard 228 located on the front panel of 
the test means. The keyboard communicates with the 
55 microprocessor via an interface 244. Further, the test 
means includes an optical isolator module 246 and an 
associated input latch 248 by which a test cyde Input 
signal is generated. An analog switch module 250 has 
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as inputs the AGC levels produced by feedback cir- 
cuits 1 70A, 1 70B. A temperature sensor 252 monitors 
the temperature of the fasteners. The sensor output 
Is amplified at 254 and also provided as an Input to the 
analog switch. Because the rate of propogation of an s 
ultrasonic wave through the fastener Is a function of 
the fastener temperature, the output of the tempera- 
ture sensor allows the test means to compensate the 
value stored in registers 222 for changes in tempera- 
hjre. The output of the analog switch Is converted io 
from analog to digital by a D/A converter 256 and sup- 
plied to bus 224. Lastly, a programmable timer 258 is 
used to set various time intervals within the test 
means. These Intervals Include, for example, the rep- 
etition rate of the MB signal when It is triggered (see is 
Fig. 5) together with the length of the blanking signal. 

Referring again to Fig. 2, incorporated In motor 14 
is a torque and angle sensor 260. The output of this 
sensor is supplied to the test means via an output line 
262. While torque is not used to nneasure the damp- 20 
Ing force exerted by the fastener, use of a torque and 
angle measurement Is Important. This Is so because 
the torque measurement will Indicate If a fastener 
thread has failed, or if an opening 0 is not deep 
enough so that the fastener bottoms out. In the for- 25 
mer case, the torque measurement will go to zero if 
the fastener thread fails, even though the length 
measurement performed by the apparatus will still 
show the overall fastener length. In the latter in- 
stance, the ultrasonic measurement will show very 30 
small force in the fastener even though the torque is 
very large and the angle stops increasing. Regard- 
less of which circumstance may occur, if either does, 
then It important to stop the threading operation, and 
either repalace the failed fastener with a new one, or 36 
substitute a new component for the one whose open- 
ings need to reworked. 

In operation, a user of the apparatus, using key- 
board 228, enters into test means 18, baseline Infor- 
mation concerning the fastener being used. This in- 40 
formation Includes the nominal, unloaded length of 
the fastener, the material of which the fastener is 
composed, the end length of the fastener when It is 
exerting the desired clamping force on the compo- 
nents, etc. Once an assembly operation has begun, 4S 
a fastener F is affixed In couplant 12 and thereaded 
into component openings by motor 14. As the motor 
threads the fastener, both torque and angle are 
measured to protect the apparatus and workplaces in 
the event of a failure. so 

As the threading operation proceeds, a pulser 
output spike of BOOv. is periodically transmitted 
through the couplant to transducer 68. The transduc- 
er produces an ultrasonic wave In response to this In- 
put and transmits the wave toward the fastener. The 55 
transducer is spaced from the head of the fastener 
and the wave is transmitted to the fastener through a 
thin film of oil. At the oil fastener interface, an echo 



Is produced is return to the test means. Upon receipt 
of this first echo, a count cycle is started. The count- 
ing continues until a second echo signal is received. 
This second signal Is caused by the return wave 
crossing the fastener/oil film Interface. After the 
counting is stopped, the countvalue is converted Into 
a measure of the clamping force then being exerted 
by the fastener. If the clamping force is less than the 
desired force, the threading operation continues and 
the measurement Is repeated. If the clamping does 
equal the desired force, motor 14 is stopped and the 
fastening machine Indexes the workpiece to the next 
location where a fastener-is required and a new fas- 
tener is installed in the couplant for threading. If doing 
this procedure, the torque and angle measurement 
indications show either that the fastener has failed or 
bottomed out in an opening, the threading operation 
is terminated for appropriate corrective action to be 
taken. 

What has been described is a simple, yet effec- 
th^e method of measuring the damping force exerted 
by a fastener on components which It Is used to join 
together. The method and apparatus described em- 
ploys an ultrasonic measurement technique rather 
than the torque type techniques previously used. 
While a torque measurement is made, it is made only 
to determine if a problem has occurred. In addition, 
the apparatus is usable with a wide variety of fasten- 
ers both as to length of fastener and type of material 
from which the fastener is made. The apparatus and 
method allow for an automated fastening operation, 
and the apparatus can be incorporated into a bolting 
or fastening machine. The apparatus can also inter- 
face with a computer for data storage, retrieval and 
analysis purposes. 

Of great importance to the apparatus Is the de- 
sign and construction of a couplant which performs 
a number of functions. First, It couple the drive mech- 
anism of the apparahjs to the fastener. Second, It 
positions a transducer adjacent the fastener and, via 
a novel slip ring construction, allows electrical pulsing 
and response signals to be routed to and from the 
transducer even though the drive means of the appa- 
ratus may be threading the fastener at a relatively 
high rate of speed. Third, the couplant allows a fluid 
to be disposed between the transducer and fastener 
so an interface is created at which pronounced echo 
signals are produced. This greatly enhance the elec- 
tronics portion of the apparatus to determine when ul- 
trasonic waves pass Into and out of the fastener so a 
highly accurate fastener length measurement is 
made. 

In view of the foregoing, it will be seen that the 
several objects of the invention are achieved and 
other advantageous results are obtained. 

As various changes could be made in the above 
constructions without departing from the scope of 
the invention, it is intended that all matter contained 
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in the above description or shown"in the accompany- 
ing drawings shall be interpreted as illustrative and 
not In a limiting sense. 



Claims 

1. Apparatus for measuring and controlling the ten- 
sile load on a fastener comprising: 

means for positioning a fastener used to io 
connect together two or more components; 

drive means coupled to the fastener to 
thread the fastener into place whereby the fas- 
tener exerts a clamping force on the components 
to connect them together, the dannping force ere- is 
ated by the fastener producing an equal and op- 
posite tensile force on the fastener; 

control means for starting and stopping 
operation of the drive means, the control means 
controlling the drive means to thread the fastener 20 
Into place until It exerts a predetermined amount 
of damping force on the components; and, 

test means for generating ultrasonic 
waves, for transmitting the waves lengthwise 
through the festener, and for measuring the tran- 25 
sit time therethrough, the transit time of the 
waves being a function of the tensile force on the 
fastener and, in turn, a function of the clamping 
force exerted by the fastener. 

30 

2. The apparatus of claim 1 further including com- 
puter means interfacing with both the test means 
and the control means, the computer means sup- 
plying test parameter information to the test 
means and receiving test results information 35 
therefirom. and the computer means receiving 
fastener status Information from the control 
means. 

3. The apparatus of claim 2 wherein the test means 40 
includes transducer means positioned adjacent 

one end of the fastener, the transducer generat- 
ing and transmitting ultrasonic waves longitudin- 
ally of the fastener, the velocity of the ultrasonic 
waves passing through the fastener decreasing 4S 
as the tensile force thereon increases. 

4. The apparatus of claim 3 wherein the transducer 
means comprises a piezoelectric transducer. 

so 

5. The apparatus of claim 3 further Including pulser 
means for applying an electrical input to the trans- 
ducer means to generate an ultrasonic wave, the 
pulser means providing a range of inputs which 
allow ultrasonic signals to be produced and trans- 55 
mitted through fasteners having a range of 
lengths. 



6. The apparatus of claim 4 wherein the test means 
further Includes timing means for measuring the 
transit time of ultrasonic waves through the fas- 
tener. 

7. The apparatus of claim 6 wherein the computer 
means Is a programmable computer into which is 
programmed the material of which the fastener is 
fabricated, the transit time of ultrasonic waves 
through the fastener also being a function of the 
material of which the fastener is made, and a pre- 
determined damping force which the fastener 
should exert on the components, the computer 
establishing the transit times for ultrasonic waves 
through the fastener based on this Information. 

8. The apparatus of daim 7 wherein the test means 
further indudes integration means to reduce 
measurement errors which might result from 
bending of the fastener or increased sonic Impe- 
dance as the fastener Is tightened. 

9. The apparatus of daim 5 wherein the test means 
further indudes couplant means for coupling an 
output from the pulser means with the transducer 
means. 

10. The apparatus of daim 9 wherein the couplant 
means further comprises means for positioning 
the transducer means adjacent to, but spaced 
apart firom, an end of the fastener. 

11. The apparatus of daim 10 wherein the ultrasonic 
wave generated by the transducer is transmitted 
to the fastener through a fluid and the couplant 
means indudes a fluid reservoir for holding a 
quantity of the fluid. 

12. The apparatus of daim 11 further induding fluid 
supply means for supplying a quantity of fluid to 
the couplant means. 

13. The apparatus of daim 11 wherein the reservoir 
means includes means for holding a quantity of 
fluid, the fluid being interposed between the 
transducer means and the fastener, whereby an 
output from the transducer means Is transmitted 
to the fastener through the fluid. 

14. The apparatus of daim 9 wherein the couplant 
means is interposed between the drive means 
and the fastener. 

15. The apparatus of daim 14 wherein the couplant 
means indudes socket means for turning the fas- 
tener and slip ring means mounted on the sprock- 
et means. 
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16. The apparatus of claim 15 wherein the socket 
means has a cavity formed therein In which the 
transducer means is positioned, and the slip ring 
means comprises means for routing an output 
from the pulser means to the transducer means. s 

17. The apparatus of claim 16 wherein the slip ring 
means includes electrically conductive ring 
means, and the couplant means further Includes 
means an electrical conductor extending from the io 
ring nrieans to the transducer means. 

18. The apparatus of claim 17 further including elec- 
. trical terminal means to which an output from the 

pulser means is routed, the terminal means being is 
In electrical contact with the ring means. 

19. The apparatus of claim 8 wherein the test means 
further includes timing means for measuring the 
transit time of an ultrasonic wave through the fas- 20 
tener. 

20. The apparatus of claim 19 wherein the timing 
means includes means for generating electrical 
pulses and means for counting the pulses. 25 

21. The apparatus of claim 20 wherein t he transducer 
- means is spaced from the adjacent end of the 
: fastener, a fluid is interposed between the trans- 
ducer means and the fastener whereby an ultra- 30 

V sonic signal transmitted through the fastener is 
transmitted to the fastener through the fluid and 
an echo Is produced at the interface between the 
fluid and the fastener and the counting means is 
responsive to the occurrence of the echo to begin 36 
counting the pulses. 

22. The apparatus of claim 21 wherein the counting 
means is further responsive to the occurrence of 

a second echo which is produced when the ultra- 40 
sonic wave reaches the other end of the fastener 
to stop counting pulses, and the test means . in- 
cludes conversion means for converting the 
pulse count to a tensile load value an functbn of 
t he fastener material. 45 

23. The apparatus of claim 22 wherein the test 
means further includes means for comparing the 
measured tensile load with a predetermined ten- 
sile load value to which the fastener is subjected so 
when producing a predetermined clamping force 

on the components. 

24. The apparatus of claim 23 further Including 
means for providing an indication to the control 55 
means when the measured tensile load equals 

the predetermined tensile load for the control 
means to stop the drive means from further 



threading of the fastener Into the components. 

25. The apparatus of claim 10 further including slide 
means for moving the position of the transducer 
means relative to the adjacent end of the fasten- 
er. 

26. The apparatus of claim 1 further including means 
for measuring the torque imposed on the fastener 
in addition to measuring the tensile force. 

27. The apparatus of daim 26 wherein the torque is 
measured simultaneously with the tensile force. 

28. A method of measuring and controlling the tensile 
load on a fastener comprising: 

positioning the fastener to connect togeth- 
er two or more components; 

threading the fastener into place for the 
fastener to exert a clamping force on the compo- 
nents to connect them together, the clamping 
force created by the fastener producing an equal 
and opposite tensile load on the fastener; 

controlling threading of the fastener so It 
exerts a predetermined amount of clamping force 
on the components; 

generating ultrasonic waves and transmit- 
ting them lengthwise through the fastener; and, 

measuring the transit time of the waves 
through the fastener, the transit time being a 
function of the tensile force on the fastener and, 
in turn, a function of the clamping force exerted 
by the fastener. 

29. The method of daim 28 wherein the transit time 
of ultrasonic waves through the fastener de- 
creases as the tensile force thereon increases 
and the transit time is further a function of the 
type of material of which the fastener is fabricat- 
ed, and the method further indudes calculating 
the transit times of ultrasonic waves through the 
fastener when the fastener exerts no clamping 
force on the components, and when the fastener 
exerts a predetermined clamping force thereon. 

30. Themethodof claim29furtherincluding integrat- 
ing measurement signals resulting from the 
transmission of waves through the fastener to re- 
duce measurement errors caused by bending of 
the fastener and an increase in sonic impedance 
as the fastener is tightened. 

31. The method of daim 30 further including pulsing 
a piezoelectric transducer to generate an ultra- 
sonic wave, pulsing of the transducer being done 
so the transducer can produce an ultrasonic 
wave transmissible through a fastener ranging In 
length from approximately 0.5 Inches (1.27 cm.) 
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to approximately twenty feet (6.1 m.). 

32. The method of claim 31 further including spacing 
the transducer means from the adjacent end of 

the festener, and interposing a fluid between the s 
transducer means and the fastener whereby an 
ultrasonic signal transmitted through the fastener 
is transmitted thereto through the fluid and an 
echo is produced at the Interface between the 
fluid and the fastener. io 

33. The method of claim 32 further Including gener- 
ating electrical pulses and counting the pulses, 
counting of the pulses beginning at the occur- 
rence of the echo. 15 

34. The method of claim 33 wherein a second echo 
Is produced when an ultrasonic wave reaches the 
other end of the fastener and the method further 
includes stopping the counting of pulses upon oc- 20 
currence of this second echo. 

35. The method of daim 34 further Including convert- 
ing the pulse count to a tensile load value as fiinc- 

tbn of the fastener material, and comparing the 25 
measured load value to a predetermined tensile 
load value corresponding to a predetermining 
damping force which the fastener is to exert on 
the components. 

30 

36. The method of daim 35 further induding stop- 
ping the threading of the fastener into the com- 
ponents if the measured tensile toad equals or ex- 
ceeds the predetermined tensile load, but to con- 
tinue threading of the fastener If the measured 3S 
tensile load is less than the predetermined load. 

37. The method of daim 28 further induding meas- 
uring the amount of torque exerted on the fasten- 
er as an indication as to whether or not the fas- 40 
tener has failed during threading. 

38. The method of daim 37 wherein the method in- 
dudes simultaneously measuring the torque and 
tensile forces on the fastener. 4S 
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components (X) of a workpiece. A drive unit (12) 
couples to the fastener to thread it into place. 
The fastener exerts a clamping force on the 
components to connect them together. The 
clamping force created by the fastener pro- 
duces an equal and opposite tensile force on 
the fastener, A controller (16) starts and stops 
operation of the drive unit The controller con- 
trols the drive unit to thread the fastener into 
place until It exerts a predetennined amount of 
clamping force on the components. A test unit 
(18) generates ultrasonic waves and transmits 
them lengthwise through the fastener. The tran- 
sit time of the waves through the fastener is 
then measured. The transit time of the waves is 
a function of the tensile force on the fastener 
and, in turn, a function of the damping force 
exerted by the fastener. 
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